The high charge density of nucleic acids and resulting ion atmosphere profoundly influence the conformational landscape of RNA and DNA and their association with small molecules and proteins. Electrostatic theories have been applied to quantitatively model the electrostatic potential surrounding nucleic acids and the effects of the surrounding ion atmosphere, but experimental measures of the potential and tests of these models have often been complicated by conformational changes and multisite binding equilibria, among other factors. We sought a simple system to further test the basic predictions from electrostatics theory and to measure the energetic consequences of the nucleic acid electrostatic field. We turned to a DNA system developed by Bevilacqua and co-workers that involves a proton as a ligand whose binding is accompanied by formation of an internal AH + ·C wobble pair [Siegfried, N. A., et al. Biochemistry, 2010, 49, 3225]. Consistent with predictions from polyelectrolyte models, we observed logarithmic dependences of proton affinity versus salt concentration of −0.96 ± 0.03 and −0.52 ± 0.01 with monovalent and divalent cations, respectively, and these results help clarify prior results that appeared to conflict with these fundamental models. Strikingly, quantitation of the ion atmosphere content indicates that divalent cations are preferentially lost over monovalent cations upon A·C protonation, providing experimental indication of the preferential localization of more highly charged cations to the inner shell of the ion atmosphere. The internal AH + ·C wobble system further allowed us to parse energetic contributions and extract estimates for the electrostatic potential at the position of protonation. The results give a potential near the DNA surface at 20 mM Mg 2+ that is much less substantial than at 20 mM K + (−120 mV vs −210 mV). These values and difference are similar to predictions from theory, and the potential is substantially reduced at higher salt, also as predicted; however, even at 1 M K + the potential remains substantial, counter to common assumptions. The A·C protonation module allows extraction of new properties of the ion atmosphere and provides an electrostatic meter that will allow local electrostatic potential and energetics to be measured within nucleic acids and their complexes with proteins.
■ INTRODUCTION
The biological functions of nucleic acids rely on their association with protein and small molecule ligands ( Figure 1A ). Each binding event comprises forming and breaking multiple interactions, including hydrogen bonds, stacking, van der Waals interactions, and ion pairs. These interactions are also typical of ligands associating with proteins, but associations with nucleic acids involve additional factors. The high charge densities of nucleic acids generate large electrostatic potentials that attract oppositely charged ligands. These high charge densities also result in the formation of the ion atmospherea sheath of mobile ions that surrounds DNA, RNA, and other polyelectrolytes ( Figure 1B ) that responds to and mitigates electrostatic interactions. 1−3 Thus, understanding nucleic acid-ligand associations necessitates accounting for the nucleic acid electrostatic potential, how the ion atmosphere mitigates this potential, and how the ion atmosphere changes upon ligand association. 4−6 Given the complex and dynamic nature of the ion atmosphere, understanding its properties and effects requires synergy between theory and experiment. One of the first theoretical approaches developed for polyelectrolyte electrostatics was Manning's counterion condensation theory, which used a linear charge model to predict the presence and properties of the ion atmosphere. 6, 7 Record applied this model to predict and interpret the effects of the ion atmosphere on ligand association. 5, 8 Subsequently, the Poisson−Boltzmann equation (PB), a general quantitative model of electrostatic potentials in ionic solutions, was applied to simplified and atomic-level models of nucleic acids, 9−12 and the development of suitable resources for numerical solutions and a convenient web-based server have led to widespread use of this model to predict and visualize the electrostatic properties of biomolecules. 13, 14 Association equilibria of charged ligands to nucleic acids have been observed to be strongly sensitive to solution ionic conditions. For simple ligands binding to double-stranded DNA (dsDNA), the counterion condensation and PB models predict that the log of the association constant varies with the log of monovalent cation concentrations with a slope of −0.8 to −1 per positive charge of the ligand, and a slope of 2-fold lower value is predicted for the dependence on divalent cation concentration. 5, 6, 8, 15, 16 A number of experiments in which association constants for Mg 2+ , polyamines, and oligopeptide ligands were determined as a function of salt concentration support these predictions. 5,8,17−29 However, the systems used, in particular the flexibility of single-stranded nucleic acids and oligopeptides, can involve conformational changes coupled to binding that could alter the ion dependence of association and could render inadequate the simplified rigid, charged rods models that were used in analysis. Also, these ligands bind nucleic acids nonspecifically and modeling their binding required fits to multisite binding equilibria and assumptions about the size of the binding site and how binding of successive ligands are affected by the previously bound ligands. In examining protein association to nucleic acids, ad hoc treatment of protein ionization states and definitions of which charged residues interact and which do not have been used, 16,30−37 and these simplifications have persisted in the literature despite the inadequacies of this analysis having been identified. 38−40 In addition, several reported salt dependences do not agree with predictions from PB theory and alternative or ad hoc explanations have been provided, stressing the need for systematic analysis with a simple model system. [30] [31] [32] [33] 41, 42 To address the above-noted uncertainties and to provide a foundation from which to systematically build toward a quantitative understanding of complex protein-nucleic acid systems, we turned to a dsDNA system developed by Bevilacqua and co-workers that involves a proton as a ligand that specifically binds to one well-defined sitean A·C mismatch to form an AH + ·C wobbleand is expected to involve only local conformational rearrangement ( Figure 1C) . 42−44 We observed the salt dependence of association expected from polyelectrolyte models, providing strong support for overarching aspects of the counterion condensation and PB formulations of the ion atmosphere and its effects. Further, thermodynamic reference states for this system allowed us to construct a thermodynamic cycle to estimate the electrostatic potential of the dsDNA and its variation with salt identity and concentration. Our results provide a foundation and tool for determining and dissecting energetics and electrostatic potentials in more complex proteinnucleic acid systems.
■ MATERIALS AND METHODS
DNA Sequences. The two strands of the 24bp AC construct were 5′ GGT GAC GAC TT2 ATC ACT GGG CGG 3′ and 5′ CCG CCC AGT GAC TAA GTC GTC ACC 3′ , where 2 indicates 2-aminopurine. The secondary structure of 24bp AC , a fully base-paired control, 24bp
AT , and the construct used for ion counting are shown in Figure S1 .
Preparation of DNA Samples. Chemically synthesized oligonucleotides (Integrated DNA Technologies, USA) were purified by reverse phase HPLC (XBridge Oligonucleotide BEH C18 Prep Column, Waters, MA). Following desalting in Amicon Ultra-3K filters (Millipore, MA), the DNA was annealed by mixing the 2AP containing strand with 1.2 equiv of the complementary strand in 5 mM KCl and warming to 40°C for 5 min. The solution was unbuffered to not perturb the pH in the proton binding assays. Nondenaturing PAGE showed no remaining unannealed 2AP strand (<0.1%), and control experiments showed single-stranded 2AP does not contribute to a pH-dependent fluorescence change in the binding assays ( Figure S2 ). Following hybridization, equilibration into 5 mM KCl was carried out with eight rounds of buffer exchange using Amicon Ultracel-30K filters (Millipore, MA), as reported previously.
48,49
Proton Binding Assays. Proton binding assays were conducted by measuring the 2AP fluorescence in pH-buffered solutions at the indicated salt concentration. An array of 44 buffer solutions was used for each affinity measurement. Individual solutions were made by dissolving potassium acetate or one of the free acids of MES, MOPS, HEPES, TAPS, CHES, and CAPS. The pH was set by addition of concentrated HCl to the potassium acetate or a solution of KOH to the other buffers. The pH was measured at 5 mM buffer and 10 mM K + and calculated for other ionic conditions using the Davies equation, an empirical extension of the Debye−Huckel equation (eq 1),
where γ i is the activity coefficient of a species, A is a constant equal to 0.5 M −1/2 , z i is the charge of that species, and I is the ionic strength of the solution. 50 The accuracy of this calculation was confirmed with pK a measurements of standard cationic and anionic dyes (p-nitrophenol and neutral red, respectively) with an array of buffers at several salt concentrations across the range used for the experiments herein. The observed pK a values were within 0.1 of the pK a values calculated from literature values for salt concentrations from 0.01 to 1 M (Table S1 ). Buffer solutions were stored at −20°C to reduce CO 2 absorption, and the pH of the buffer solutions was measured periodically to correct for changes from CO 2 absorption, which occurred predominantly in the high pH buffers. The free salt concentrations reported are the sum of the added salt solution, the free salt in the DNA solutions, and the K + in the buffer stock solutions. pH values were maintained above pH 5.0 to minimize DNA damage via deamination, and the absence of circular dichroism (CD) or fluorescence over time or at the lowest pH values suggested the absence of significant DNA damage at low pH.
Fluorescence (ex. 340 nm, em. 371 nm) was measured at 25°C by 90°detection in quartz cells using a Fluorolog-3 instrument (Horiba, USA) or by top detection in a 96-well plate using Infinite M200 pro plate reader (Tecan, Switzerland). Measurements with the individual cell and . 45 The surface potential at 0.1 M monovalent salt, calculated using the APBS server, 13, 46, 47 is illustrated with the red/blue color scale. (B) Schematic representation of the ion atmosphere surrounding a nucleic acid. Excess cations and excluded anions, relative to bulk (not shown), sum to give an overall charge neutral system (i.e., the circles represent the number of ions per DNA in excess of the background concentration).
48,49 (C) Model system (24bp plate formats gave the same equilibrium constants, within error. DNA concentrations between 1 and 10 μM were used and gave a greater than 2-fold fluorescence change between the protonated and deprotonated states with a high signal-to-noise ratio. Representative titrations are shown in Figure S3 . A construct with an AT pair in place of the A·C mismatch (24bp AT ) and a single stranded oligonucleotide with 2AP gave no pH-dependent fluorescent signal ( Figure S2 ).
The proton association constant, K A , was derived from fitting the observed pH-dependent fluorescence change with a single proton binding model for 24bp AC (eq 2):
In eq 2 F tot is the total fluorescence and F AH+·C and F A·C are the fluorescence of the AH + ·C wobble pair and the A·C mismatch, respectively. Representative data and fits are shown in Figure S3 . Individual log K A values are reported in Tables S2−S5 . Independent log K A measurements were plotted versus the log of the cation concentration (and salt activity for monovalent cations) and fit with a straight line. The same proton affinities were observed in experiments varying DNA concentration 3-fold, indicating that the absence of an effect at low Mg 2+ is not the result of a titration effect and insufficient total Mg 2+ . The ion-counting results also support the lack of titration effect at 0.1−1 mM Mg
2+
, in that a solution of 3 μM DNA "binds" at most 6 μM Mg 2+ , and the difference between total Mg 2+ and free Mg 2+ is less than 10%.
Buffer Equilibration and Ion Counting. Buffer-equilibration and ion counting were carried out as reported previously.
48,49 Briefly, DNA was purified as described above, followed by hybridization in 160 mM K + at the pH of the experiment. Successive buffer exchanges (eight rounds) with the appropriate ionic conditions and pH were carried out at 4°C using Amicon Ultra-30K filters (Millipore, MA). Aliquots of the DNAcontaining sample, the flow-through, and the buffer were diluted into 5 mL of 50 mM ammonium acetate (pH 5.0). Dilution factors were determined so that the phosphorus (from DNA), potassium, and magnesium concentrations were within the linear range of ICP-OES detection. The concentrations in each solution were determined simultaneously using an ICAP 6300 Duo View Spectrometer (Thermo Scientific, USA) calibrated with ICP standards (Spex Certiprep, USA). The number of cations associated with a DNA was calculated using eq 3,
where C ion is the cation concentration of the DNA-sample and buffer, respectively, and C DNA is the DNA concentration. The number of anions excluded by the DNA was not quantified because Cl − concentration is not measurable in this experimental system.
Poisson−Boltzmann Calculations. A molecular model of fully base-paired 24bp
AT with an AT pair in place of the A·C mismatch of 24bp AC was constructed using the generic B-form helix and the corresponding sequence in the 3DNA web server. 51 The duplex is shown in Figure S1 . Charges were assigned with the PDB 2PQR routine using the CHARMM parameter set, 46,47 and protonation was modeled by adding charge of +1 to N1 of adenine. Calculations using a dsDNA in which the AT pair is replaced with an AH + ·C wobble from crystal structure PDB 1D99 52 give the same K + concentration dependence of association (slope = −0.90, see Figure 2B ) as the fully base-paired helix. The PB equation was numerically solved to give electrostatic energies using the Adaptive Poisson−Boltzmann Solver (APBS) on a 482 × 482 × 562 Å grid with a 2.5 Å grid spacing and ion size equal to 2 Å. The external dielectric was set at 78.54, typical of water at 25°C, and the internal dielectric was 2.0. Increasing the grid size by 50% or decreasing the spacing to 1.5 Å gave results within 1%.
The number of ions associated with the DNA was computed by integrating the excess ion density using eq 4,
where ρ b,i is the bulk ion concentration, λ(r) defines the region in the grid that is accessible to ions (λ(r) = 1 for accessible regions and λ(r) = 0 for the solvent-excluded regioni.e., inside the macromolecule), e is the elementary charge, φ(r) is the electrostatic potential, k is the Boltzmann constant, and T is the temperature.
12, 38 The dependence of log K A on salt concentration for the sphere models was calculated as describe in the Supporting Information Methods.
■ BACKGROUND
The complex, dynamic nature of the ion atmosphere has rendered it difficult to study by experimental methods. 3, 48 Therefore, our perspective on the contributing forces and components of the ion atmosphere has depended extensively on theory and computational models. Among electrostatic theories, PB theory provides a simplified, physics-based formulation of the ion atmospherei.e., a mean-field approximation representing ions as distributions rather than discrete point chargesthat in many cases makes predictions that are consistent with experiment. 15, 49, 40, 53 Below we present core electrostatic and ion atmosphere concepts that are tested and built upon in the experimental sections. We use PB theory for its simplicity, tractability, and general agreement with observations.
In PB theory, association of a charged ligand is predicted to be strongly dependent on salt concentration. These salt effects depend on how surrounding ions redistribute upon ligand Tables S2 and S5 . Linear parameters and errors are given in Table S6 and S7.
binding, and the nature of this redistribution in turn depends on the charge density of the system ( Figure S4 ). For low charge density molecules, for which the surrounding electrostatic potential is less than thermal energy, the degree of attraction of cations and repulsion of anions are similar, resulting in a shallow dependence of the equilibrium constant on salt concentration. These dependences are typically modeled by the Debye−Huckel equation, a linearized simplification of PB theory. 54 For polyelectrolytes, like DNA and RNA, the situation is different. PB theory predicts that a molecule with high negative charge density strongly attracts opposite-charged ions and repels fewer like-charged ions ( Figure 1B; Figure S4B) . [55] [56] [57] 48 This predicted asymmetry has been demonstrated by ion-counting methods that quantify the large excess of cations and smaller exclusion of anions in the ion atmosphere of DNA.
48, 49 With a dominant accumulation of cations in the ion atmosphere, nucleic acid systems are predicted to respond to association of a positively charged ligand, such as the proton depicted in Figure  2A , by predominantly releasing cations (p > q, where p is the number of excess cations released and q is the number of anions bound per molecule). 38, 58 Thus, as salt concentration is increased, the cation concentration would have a larger effect than the opposing effect of the anion concentration and would substantially decrease the equilibrium constant ( Figure S4C ). The change in the log of the association constant with the log of monovalent cation concentration is related to the change in the ion atmosphere composition as shown in eq 5, below, where p and q are defined above. 38 ,58
At the high extreme of charge density, the slope reaches a limit of −1 per ligand charge, thereby maintaining the charge neutrality of the system upon ligand association exclusively by release of a cation ( Figure S4D ). With divalent cations, charge neutrality is maintained by releasing fewer cations, and the slopes are predicted to reach a limit of −0.5, one-half of that in monovalent cations ( Figure S4E and F) . With an asymmetric salt, such as MgCl 2 , the slope is related to the number of cations released and anions bound as shown in eq 6.
38,59
The nucleic acid charge density and the ion concentration and identity together determine the ion atmosphere composition, and these factors determine the electrostatic potential at each distance from the nucleic acid ( Figure S5A and B) . This potential, in turn dictates the strength of attraction of an oppositely charged ligand ( Figure S5C and D) where for a simple, singly charged ligand (L + ) the attraction is equivalent to the work required to move the ligand from a position near the helix with an electrostatic potential ψ x to a position infinitely distant from the helix, with the potential ψ ∞ defined as zero. Per mole of ligand, the attraction from the electrostatic potential is defined in terms of a free energy, ΔG L+ ψx (eq 7), where N A is Avogadro's number and e is the elementary charge.
PB theory predicts electrostatic potentials near to a DNA helix on the order of −200 to −300 mV ( Figure S5E and F) . 9, 11 This value is expected to be a rough estimate as surface steric effects and discrete solvation and ion effects, which are difficult to model, are not accounted for in the mean field approximation of PB. Nevertheless, PB provides a benchmark for the experimentally derived estimate of the electrostatic potential provided herein from proton affinity measurements and thermodynamic cycles (Figure 3 below) .
■ RESULTS AND DISCUSSION
The Effect of the Ion Atmosphere on Ligand Association. To isolate the influence of the ion atmosphere on ligand association, we used a model system with an A·C mismatch in the center of a 24 bp DNA duplex (24bp AC , Figure  1C) . The duplex provides an ion atmosphere without complications from specific metal ion binding sites or a broad and varying ensemble of conformational states. The A·C mismatch provides a binding site for arguably the simplest ligand possible, a proton, that when bound to N1 of the adenine stabilizes formation of a wobble pair with the cytosine on the opposite strand ( Figure 1C, inset) . The fluorescence of the adjacent 2-aminopurine (2AP) is sensitive to the formation of the wobble pair and is used to quantify the proton association constant K A ( Figure 1C) . 43 Circular dichroism (CD) of the unprotonated and protonated duplex suggests that the transition results in minimal conformational perturbations, consistent with previous observations that perturbations arising from mismatches and wobble pairs are highly localized ( Figure S6 ).
60−62
For the model helix system, PB predicts that the proton association constant (K A ) decreases with a slope of −0.90 with added monovalent cations ( Figure 2B ), corresponding to an average release of 0.95 cations (p) and accumulation of 0.05 anions (q) per binding event (Figure 2A and eq 5). With added divalent cations, a slope of −0.45 is predicted, as fewer cations need to be released to maintain charge neutrality, corresponding to 0.49 divalent cations released and 0.02 anions accumulated upon ligand binding per DNA ( Figure 2B and eq 6) . Figure 2C shows how the proton association constant of the model system changes with increasing concentrations of K + . The observed slope was −0.96 ± 0.03, and while the PB prediction is outside the fitting error, the difference is small and provides general support for the PB model. Carrying out the analogous experiment with Mg 2+ also gave the expected shallower dependence, with a slope of −0.52 ± 0.01. The proton affinity (K A ) was lower in Mg 2+ than in K + for the overlapping salt concentrations in Figure 2C , as predicted for stronger shielding of the DNA negative charge by Mg 2+ than K + . 59, 63 For example, at 30 mM K + or Mg
2+
, the ratio of observed K A values is 23-fold, similar to the value of 15-fold predicted by PB calculations ( Figure 2B) .
If the observed salt effects arise from long-range interactions between mobile ions and the DNA, as opposed to direct contact interactions, it is expected that these effects will be independent of ion identity. 64 We tested this expectation with Li + and Cs + for the K + effect and with Ba 2+ for the Mg 2+ effect and observed consistent effects for cations of the same valence ( Figure S7 ). These results support that proton association with 24bp AC is minimally influenced by specific metal ion binding and that this system is suitable for testing ion atmosphere effects.
Overall, our results agree closely with predictions from simple polyelectrolyte theory. However, prior studies suggested a slope of −0.34 for log K A versus log [K + ] for protonation of an A·C mismatch in a DNA hairpin, 42 considerably different than the slope of −0.96 observed herein and inconsistent with predictions from PB and other electrostatic theories. As the prior experiments involved NMR titrations, they required high nucleic acid concentrations, and we speculate that salt brought along with the DNA may have resulted in smaller changes in the total solution salt concentration than reported based on the amount of added salt. Additionally or alternatively, a protonation-coupled folding transition stabilized by salt and a lower electrostatic potential in the short DNA hairpin, attributable to endeffects, 26, 27, 65, 66 could contribute to the lower observed slope. Estimating the Electrostatic Potential at the Nucleic Acid-Ion Atmosphere Interface. The log K A (equivalent to pK a ) observed for protonation of the A residue of the A·C mismatch in 24bp AC of ∼6−8 ( Figure 2C ) was well above the pK a of 3.8 for deoxyadenosine in solution ( Figure 3A) . 67 At the lowest salt measured, the observed pK a of 24bp AC was 8.2, corresponding to a difference of 4.4 pK a units (= [8.2−3.8]; 20 mM K + ; Figure 2C ) and a free energy difference of 5.7 kcal/mol. The observation that this attraction is mitigated with increased K + and more so with Mg 2+ , as described in the prior section ( Figure 2C ), strongly supports a polyelectrolyte and electrostatic origin of this effect. Nevertheless, there is a second factor that is also expected to contribute to the observed equilibrium, the conversion of the A·C mismatch to a more stable AH + ·C wobble pair ( Figure 1C) . 42, 68 We therefore used a thermodynamic cycle to separate these factors and isolate the contribution of the electrostatic potential to proton affinity. Figure 3B shows protonation of the A·C mismatch of 24bp AC broken into two steps: i. protonation and ii. formation of the wobble pair. The top row (in gray) represents the hypothetical standard state under conditions with electrostatic screening such that there are no electrostatic effects. Under these conditions, the association of a proton to the A residue simply reflects that of free adenosine in solution, and we therefore assign it the same ΔG value (i.e., ΔG AH+ DNA,∞ = ΔG AH+ free = −4.9 kcal/mol; Figure 3A and 3B). Next, we estimated the free energy for converting a mismatch to a wobble pair (ΔG wobble ). We use established nearest neighbor parameters for DNA helix stability, comparing values for an A·C mismatch versus a G·T wobble with the neighboring base pairs found in 24bp AC ( Figure S8 ). 61, 69 In other words, formation of a G·T wobble was used as a model for formation of the AH + ·C wobble in the absence of the additional electrostatic effects from the positive charge of the protonated base.
We can now compare the energetics of protonation at each salt condition to the standard state in the absence of electrostatic effects that is shown in gray in the top row of Figure 3B . The bottom row of Figure 3B (red) shows one such comparison, for 20 mM K + . At 20 mM K + , the observed log K A value is 8.2, corresponding to ΔG obs 20 = −10.7 kcal/mol, and we assume that ΔG wobble is independent of salt and therefore the same as the value of −1.2 kcal/mol derived above. Using the thermodynamic cycle of Figure 3B Figure 3B , including assuming that the energetics for formation of a neutral wobble pair and neutral mismatch have the same salt dependences, the calculated effect is substantial and likely to be much larger than these uncertainties and thus a good estimate of the underlying electrostatic energetics. Figures 3C and 3D generalize the electrostatic energies to the remainder of the conditions studied herein for K + and Mg 2+ , respectively, and the graphical depiction provides an intuitive guide to the parsing of this effect. The bottom dashed line Figure 2C and Table S2 ). For both cases, AH + ·C wobble formation includes two steps, proton association (i) and wobble pair formation (ii). In uncharged DNA (gray cylinders), protonation of A is assumed to be equal to the "intrinsic" proton affinity presented in Figure A (ΔG AH+ DNA,∞ = ΔG AH+ free ). The energetics of wobble formation in the absence of additional electrostatic factors was estimated from measured duplex stabilities and derived nearest neighbor rules for an A·C mismatch versus a neutral G·T wobble ( Figure S8) . 61, 69 The value of ΔG AH+ DNA,20 = −9.5 kcal/mol was determined from the thermodynamic cycle and the relationship obtained from this cycle: ΔG AH+ DNA,20 = ΔG obs 20 − ΔG wobble = −10.7 − (−1.2) kcal/mol. The vertical equilibria represent the energetic changes arising from charging the DNA from a state absent of electrostatic interactions to the 20 mM K + conditions. The superscript ψ is used because this change is related to the electrostatic potential, as described in the main text. As noted in the text, it is assumed that wobble formation is salt independent (subsequent to protonation), so that ΔG ) in the absence of electrostatic effects ( Figure 3B) , and the favorable effect for forming a wobble pair, ΔG wobble , is represented by the next double-headed arrow and gives a combined value of ΔG obs = −6.1 kcal/mol ( Figures 3C and D,  solid lines) ; this value is the proton affinity expected in the absence of any favorable electrostatics effects. The observed free energy values are well beyond this estimated baseline across the entire range of K + and Mg 2+ concentrations investigated, providing strong evidence for a considerable electrostatic contribution to proton binding even at 1 M monovalent salt, the highest concentration investigated herein. This experimental result is in contrast to a common literature statement that the free energies of association in 1 M salt represent nonelectrostatic contributions. 8,23,25,70−72 The electrostatic energies derived above can be expressed in terms of the potential that is felt by the attracted proton, an important conversion as polyelectrolytes are often described in terms of electrostatic potentials that diminish with distance from the molecule. As our protonation occurs on a base, the electrostatic potential is expected to reflect that at or near to the nucleic acid surface. PB theory predicts values of −200 to − 300 mV across the range of salt concentrations investigated herein ( Figure S5 ), and these predicted values can be compared to those determined herein.
To obtain the electrostatic potential we used the standard equation relating it to free energy (eq 7), 73,74 and we used the free energy "excess" over that predicted for the proton affinity of the adenosine residue (ΔG AH+ DNA,∞ = −4.9 kcal/mol) and formation of the wobble (ΔG wobble = −1.2 kcal/mol); this baseline is represented by the solid lines in Figures 3C and D at −ΔG obs = 6.1 kcal/mol, as noted above. The electrostatic potentials calculated from the excess free energy and eq 7 are plotted on the right axes in Figures 3C and 3D as a function of K + and Mg 2+ concentration, respectively. These values are within the range estimated from PB theory ( Figure S5 ) and indeed are in reasonable agreement, especially considering the mean-field nature of PB theory and the difficulty of defining an exact protonation position ( Figure S5G ). Overall, these results suggest that the AH + ·C wobble system can be used as an empirical electrostatic meter than can be incorporated with minimal perturbation into a range of nucleic acid systems.
Organization of the Ion Atmosphere Probed with Ligand Association in Mixed Divalent/Monovalent Salt Solutions. We used the distinct effects of Mg 2+ and K + to further characterize the proton association properties of 24bp AC , to test additional predictions from polyelectrolyte theory, and to explore properties of the ion atmosphere.
The Mg 2+ concentration dependence shown in Figure 2C was carried out with a background of 20 mM K + . We reasoned that with a sufficiently higher background of K + ion, the initial Mg 2+ added would not outcompete K + for occupancy of the ion atmosphere and would thus have no effect on proton affinity (K A ). Conversely, at a sufficiently high concentration of Mg 2+ in the higher K + background, Mg 2+ would preferentially occupy the ion atmosphere. At this point, the K A values should be the same as that in the lower K + background and the Mg 2+ concentration dependencies should superimpose. Indeed, earlier PB calculations by Honig and Draper predicted such a change in slope, from conditions for which Mg 2+ has no effect to conditions for which it is dominant. 59, 63, 75 Figure 4A shows that the observed behavior follows this prediction and is indicative of competition between K + and Mg
for the ion atmosphere. With a background of 160 mM K + , added Mg 2+ up to ∼1 mM had no effecti.e., the slope is zero (green concentrations were needed to begin to affect the proton affinity (red points and line), as expected due to competition. To compare the transition in Figure 4A from Mg 2+ -independent to Mg 2+ -dependent behavior to the actual occupancy of the ion atmosphere we carried out ion counting with the DNA duplex used in this study, though with the 2AP residue replaced by A. With a background of 160 mM K + we equilibrated with a series of Mg 2+ concentrations and at each concentration used inductively coupled plasma optical emission spectrometry (ICP-OES) to "count" the excess number of K + and Mg 2+ ions in the ion atmosphere of the DNA duplex.
48,49
The Mg 2+ concentration needed to displace half of the K + was ∼10 mM (Figure 4B, arrow) , giving a ratio of ∼16, relative to the background 160 mM K + . This ratio is consistent with ion competition results with other DNA duplexes of 10−20. 33 However, the proton affinity (log K A ) responded at much lower Mg 2+ concentrations, with the change from zero slope to the Mg 2+ -dependent slope of −0.5 occurring at ∼1 mM Mg
2+
( Figure 4B , gray bar).
To evaluate this differential effect, we created a null stochastic model in which the ion atmosphere adjustment upon A·C protonation (to give the AH + ·C wobble) is equally likely to arise from expulsion of Mg 2+ (one-half) or K + , based simply on the abundance of each ion in the atmosphere. This stochastic model predicts a smooth transition from slope 0 to slope −0.5 that mirrors the K + displacement from the ion atmosphere as the Mg 2+ concentration is increased ( Figure 4B , orange dashed curve). Instead, Mg 2+ is preferentially expelled from the ion atmosphere at lower Mg 2+ concentrations ( Figure 4B , squares). The ion counting results indicate that there are, on average, only ∼2−4 Mg 2+ ions in the ion atmosphere, in comparison to ∼28−32 K + ions, when loss of Mg 2+ becomes dominant upon protonationi.e., when the slope changes from zero to −0.5 ( Figure 4B , gray box). What could cause such a preference? The first Mg 2+ ions to enter the ion atmosphere are expected to preferentially localize close to the DNA duplex, driven by the stronger electrostatic attraction and lower entropic cost for localization of one divalent over two monovalent cations; these cations may correspond to "tightly bound" ions proposed in several models. 6,76−78 Our results suggest that the protonation occurs essentially at the DNA/ion atmosphere interface and preferentially induces loss of Mg 2+ from the tightly bound layer ( Figure 4C ). Thus, our results provide experimental support for the predicted differential positioning of divalent and monovalent cations within an ion atmosphere.
■ CONCLUSIONS AND IMPLICATIONS
While electrostatics is a ubiquitous force in nucleic acid folding, recognition, and function, it has been difficult to address experimentally. In part, this difficulty stems from the dynamic nature of the ion atmosphere that surrounds nucleic acids and other polyelectrolytes, which blunts the power of standard molecular biology tool such as structure determination. Correspondingly, theoretical approaches have been prevalent in evaluating polyelectrolytes; however, their value can only be established via independent experimental tests. 79−81 Recent ion counting studies, which provide a thermodynamic determination of the ion atmosphere content, contradict the common finding from computational studies of size-dependent ion atmosphere occupancy by cations. 64 There is a dire need for additional experimental measurements of nucleic acid electrostatics and ion atmosphere behavior to provide a foundation for next-generation theory and computation.
Experimentally, electrostatic effects arise in most, if not all, nucleic acid studies. However, the complexity of most biological systems precludes isolating and quantifying these effects. Correspondingly, simple, defined systems, often of nonbiological origin, have provided the most fertile ground for interrogating electrostatic behaviors of nucleic acids and their ion atmosphere, for revealing foundational properties, and for testing electrostatic theories. 2, 75, 82, 83 For example, studies of defined DNA duplexes allowed quantitation of the ion atmosphere contents and studies of DNA duplexes connected by flexible PEG tethers provided evidence for a lessening of repulsive electrostatic forces and a corresponding conformational relaxation upon Mg 2+ addition, rather than Mg 2+ -induced attractive forces. 84, 85 While systematic studies of properties of simple nucleic acid systems, especially their ion atmospheres, have provided much needed information, 48,49,64,86−88 it has been considerably more difficult to quantitatively probe electrostatic interaction energies. With this motivation, we turned to a clever system developed by Bevilacqua and co-workers involving protonation of an A·C mismatch within a DNA helix to form an AH + ·C wobble pair ( Figure 1C ). Using this system, we were able to test predictions from polyelectrolyte theories, obtain information pertinent to nucleic acid-ligand association studies, and measure local electrostatic energies and potentials.
Our results provide strong support for general ion atmosphere properties predicted by polyelectrolyte theories. These conclusions are consistent with conclusions from previous ligand association studies that measured salt-dependences of Mg 2+ , polyamine, and oligopeptide association but required simplifications in the analyses linking the results and theories. 5,8,17−29 As predicted by polyelectrolyte theories, association of a proton ligand with a DNA helix resulted predominantly in a loss of an ion atmosphere cation, rather than uptake of an anion (Figure 2 ). The observed preferential loss of Mg 2+ rather than K + in mixed salt solutions is also predicted by polyelectrolyte theory ( Figure  4B , green solid vs dashed lines). These data also revealed an asymmetry in the release of divalent and monovalent cations from the ion atmosphere upon A·C protonation, consistent with the predicted preferential occupancy of divalent cations over monovalents proximal to the polyelectrolyte ( Figure 4C ).
Several studies have reported salt dependences at odds with expectations from polyelectrolyte theory. 41, [30] [31] [32] 42, 33 Prior paradoxical salt dependences may have arisen from incomplete accounting of background ions, titration effects that cause miscalculation of the free cation concentration, complications from transition regions in mixed solutions of monovalent and divalent cations ( Figure 4A ), and conformational changes coupled to association. It has been suggested that salt concentration dependences for protein binding to DNA and RNA allow determination of the number of ion pairs in the bound complex. 16,30−37 However, this correspondence was based on ad hoc definitions of ion pairs, based on a consistency with experiment in the absence of independent experimental tests. Limitations of this treatment have been noted. 38−40 Our studies pave the way for careful dissection of more complex systems to deepen understanding of the electrostatics that underlie nucleic acid-ligand interactions.
Our results underscore the substantial energetics associated with electrostatics for nucleic acid systems and suggest caution in accepting results and conclusions from calculations and simulations that use simplifications such as including only sufficient salt to neutralize the nucleic acid charge or turning charges off.
Finally and excitingly, we provide experimental evidence that the proton binding to AH + ·C wobble pair serves as a local potential meter at the DNA/ion atmosphere interface ( Figure  3B ). As predicted by theory, measured potentials attenuate with increasing salt concentration and respond to differences in ion valences. Further, the estimated magnitudes of the electrostatic potential at the DNA/ion atmosphere interface agree well with the theory (Figure 3C and Figure S5G ). These findings and the AH + ·C wobble system will provide new opportunities to dissect and understand nucleic acid and nucleic acid/protein complex electrostatic properties and energetics. Notes
